Introduction
Because of its flexibility of route operation and excellent accessibility, bus is a major transit mode for mid-or short-distance trips in most cities. In Seoul, the capital of South Korea, with a population of 10 million, the modal share of bus transit is 27.4% (as of 2012) (City of Seoul 2014) , in spite of the existing dense subway network. In Suwon, a suburban city outside of Seoul with a population of 1.2 million, the modal share of bus transit is 34.8% (as of 2011) (Metropolitan Transit Authority of Korea 2013) in an area with an insufficient number of subway lines.
In recent years, however, the modal share of bus transit in Korea has been stagnant or slightly decreasing because of several factors, such as an increase in passenger car ownership and the expansion of road and subway networks. To improve the competitiveness of public transit, two key factors, accessibility and mobility, should be assured to a certain level. These two concepts generally conflict with one another because when more bus stops are added to increase accessibility, operating speed is lowered. To satisfy these two conflicting concepts, the subway network was devoted to increasing mobility, whereas most bus transit was operated for greater accessibility. Therefore, in terms of travel time, bus transit has a limitation in terms of mobility compared to that of other modes, such as passenger car or subway. Figure 1 shows the average system speeds of a wide range of modes. As shown, the average speeds of bus systems are roughly half of that of rail systems, reinforcing the idea that bus systems are relatively less competitive as a transit mode for mid-or long-distance travels. 
Average transit system speeds by mode
Source: Ryus et al. 2013 Some rail lines in the Seoul metropolitan area and bus lines in several large cities have introduced express services while maintaining local services to satisfy both accessibility and mobility needs; however, there exists a need for a systematic approach to decide the optimal routes and stops for the express services. This study provides optimal limited-stop bus routes selection (LSBRS) methodology. As a flexible and economic mode of transit to introduce express service, limited-stop bus service could provide social benefits such as saving user travel time and operation costs as well as increase the number of passengers due to its more competitive service.
Although most of the existing research related to express transit services deals with restructuring the whole network or improving a single route, most cities have very well-organized transit route networks through spontaneous development or practical policies to satisfy user needs and operator efficiency. Therefore, instead of restructuring the whole transit network, this study provides the methodology to select an optimal route set from the currently-operating transit network that is maximizing system efficiency without large-scale restructuring of the whole network. Figure 2 presents the process of this study. First, the general LSBRS methodology was developed to find the relationship between total travel time saved and various combinations of factors that influence total travel time savings. Because influencing factors from actual OD data would be biased to certain conditions, scenario ODs were created with the factors that influence the effectiveness of limited-stop bus implementation and used at this step. As a second step, the methodology was applied to the case of Suwon and compared with the LSBRS criteria for the total travel time saved.
Methodology

Smart Card Data
After the implementation of distance-based integrated transit fare for the Seoul metropolitan area in 2007, smart card usage increased greatly-up to 98%-because of the implemented discount on transfer trips. In Korea, all data include temporal and spatial references for all transit modes used in one trip; these data can be gathered due to the tagging smart card when both boarding and alighting. The contents of smart card data include:
• User class (Regular, Student, Senior, Disabled …)
• Mode codes* (bus, rail …) In this study, actual route and trip data from smart card data were used to extract representative values of each factor that influences the effectiveness of the limitedstop bus implementation. Trip data from the whole day of Wednesday, October 16, 2013, (663,616 passengers who boarded or alighted in Suwon city) were used to obtain average weekday trip patterns. Stop-based ODs by each route were created by each passenger's boarding/alighting time and stop information.
Selection of Influencing Factors for Limited-Stop Bus Service
To verify the factors that influence the limited-stop bus service, Schwarcz (2004) analyzed several factors such as resources, frequency share between regular service and express service, limited stops, headway distribution, distance between stops, OD demand, local and limited running time, and travel time component weights as key inputs of the model. The results showed that high concentrations of OD and long passenger trips are both critical and, additionally, that existing headway and ridership and the potential for route level running time savings influence the corridor potential for limited-stop bus service. Leiva (2010) developed limited-stop service design models that can accommodate the operating characteristics of a bus corridor, given an OD trip matrix and a set of services that are a priori attractive. The demand variability among different OD pairs and the average trip length strongly influence benefits. The model developed by Tétreault et al. (2010) shows that major activity points and stop spacing are key factors to operate a limited-stop service with high efficiency.
In reference to the aforementioned literature, this study selected route length, stop spacing, average trip length, and the OD pattern as the factors influencing a limitedstop bus service. 
Model Definitions
The effectiveness of the limited-stop bus is defined by the amount of passenger total travel time savings. Therefore, the objective function of this model was to minimize passenger total travel time using route k (Z k ), which is defined as the following:
Subject to:
N is the total number of stops of route k, r and s are boarding and alighting stops, respectively, and qrs is the number of passengers who board at stop r and alight at stop s. Total travel time for a passenger who boards at stop r and alights at stop s, TTrs, is affected by stops of limited-stop bus route (in), headway of local bus service (hL) and rapid bus service (hr). Sk means total stops set of route k. Total vehicle fleet per hour (VT) consists of local service vehicle fleet per hour (VL) and rapid service vehicle fleet per hour (VR), and is the same as the existing service scheme which is operated as local-only service. Stops of limited-stop bus route (in) are selected by the GA model which minimizes total travel time. If a limited-stop bus stops at n th stop, in is set as 1, otherwise in is set as 0. Passenger travel time consists of in-vehicle travel time, waiting time and transfer time. Access time is not considered because passengers do not change their origin or destination stops against current situations, which results in an unchangeable value regardless of limited-stop bus service.
To maintain consistent levels for each scenario, the total OD amount (the sum of each OD trip) is calculated by the average number of passengers per route-km of Suwon (174 passengers/km) multiplied by route length. Running time savings by skipping a stop consists of boarding and alighting time saving, acceleration and deceleration time saving, and intersection signal delay saving. Figure 3 shows the total travel time estimation model algorithm. Stops of the limited-stop bus route (in) are adjusted at each generation until total travel time is minimized. At the point at which total travel time is minimized, the travel time estimation model algorithm has finished selecting the set of limited-stop bus stops.
FIGURE 3.
Total travel time estimation model algorithm
Model Assumptions
OD types were classified into three categories (shown in Figure 4 ): (1) between localonly stops (LL), (2) local-only stop to limited-stop bus stop, or limited-stop bus stop to local-only stop (LE/EL), (3) between limited-stop bus stops (E-E), "LL" in (1) and "LE/EL" in (2) should be "L-L" and "L-E/E-L" just like "E-E" in (3). 
Examples of OD types
In the case of L-L and L-E/E-L, total travel time by local bus and total travel time by local bus and limited-stop bus with transfer were compared to assign a passenger route to that of the one with shorter travel time. Running speed was assumed as 20 km/h, an average of regular bus routes in Suwon. In total, 50% of the total fleet was assigned to the limited-stop bus service to minimize the waiting time for both bus services. Passengers who use the local-only stop do not change their initial boarding stop and final alighting stop even though a neighboring stop operates limited-stop bus service and ensures shorter travel time. This assumption was required to ease the complexity of the model that is repetitively applied to a number of routes and would be considered after the selection of limited-stop bus routes for detailed decisions about limited-stop bus route stops.
OD Creating Method (for Scenario-based Analysis)
In the case of scenario-based analysis, the assumption of OD form is one of the most critical points. First, traffic was generated for each stop by the OD pattern. In the case of flat type, the average traffic amount of each stop (referred to as Tripsk for kth stop) is the total OD amount (Tot) divided by the total number of boardable stops (StopNo-1; deduct last stop from the number of total stops). By normal distribution with Tripsk as the average, the following process generates random traffic volume with the number of stops and is applied to variation.
where
Divide by average stop spacing distance; average trip distance is substituted to average number of traveled stops (Trip). By normal distribution with Trip as average, the following process generates the number of random travel stops (TripToj k ) for each passenger (as the amount of j) who boards at kth stop. The variation is proportional to the number of remaining stops to reflect trip distance diversity.
where ∀ k ≥ 1 and k ≤ (StopNo-1)
In the case of two or four peaks types, a certain portion of total OD amount is reserved to be assigned for each type; 30% for two peaks and 40% for four peaks. First, the same method used to create the OD pattern of flat type is applied to the rest of the OD amount. The amount of the reserved portion is additionally applied. For two peaks type, 15% of total OD amount is boarding at the first peak stop and 15% of total OD amount is alighting at the second peak stop. For four peaks type, 10% of total OD amount is boarding at the first peak stop, 10% of total OD amount is boarding and alighting at the second and third stop each, and 10% of total OD amount is alighting at the fourth peak stop. Locations of peak stops are determined with equal partition; 33 rd percentile and 67 th percentile ordered stops are designated as peak stops for two peaks type, and 20 th , 40 th , 60 th , 80 th percentile ordered stops are designated as peak stops for four peaks type. The distribution of peak stops is identically applied as Equation 3.
Travel Time Estimation
In this study, modification of the limited-stop bus routes was not taken into account although there are shortcut paths between limited-stop bus stops without stopping at the local-only stop(s). In other words, line alignments of both local bus routes and limited-stop bus routes were assumed as the same. The calculation of the rapid bus travel time between the r stop and s stop (trs) was dependent on whether the limitedstop bus stops at the n th stop. In-vehicle local bus travel time, trs, and in-vehicle rapid bus travel time, trs, were calculated according to the following:
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Where:
, 1 n n t + = bus travel time from n th stop to n+1 th stop , 1 reduced n n t + = reduced travel time when bus passes the n th stop, calculated as AccDcc + OnOffTimen + Signaln AccDcc = time lost while decelerating from and accelerating to cruise speed for passengers boarding or alighting at stops (11.6 sec. [Robinson 2013]) OnOffTime n = boarding and alighting time at n th stop (2.3 sec/passenger for boarding and 2.0 sec/passenger for alighting (from smart card data), applying larger value between total boarding time and total alighting time)
Signal n = expected signal delay reducing time by skipping n th stop
Expected signal delay reducing time (Signaln) reflects earlier arriving at the intersection when the limited-stop bus skips a local-only stop prior to the intersection, which allows for the increasing probability of passing through the intersection without stopping because of a red signal phase. In general, the signal coordination is aimed for regular private vehicles, which do not stop at bus stops. That means a bus which stops at a bus stop is more likely to miss the signal progression at the next signal because of the additional time consumption at the bus stop and increased travel time to the next intersection. If a bus does not need to stop at the bus stop and can skip the bus stop, most likely the bus can have a higher chance to enjoy the signal coordination just like the regular private vehicles. "Von Stain's law of transit stop locations," which refers to the bus stop location placement strategy with consideration for coordinated signals L R to minimize the effects caused by signal delays, introduced the similar idea (Vuchic 2007) . Using the average values of operating attributes of Suwon, with 161 seconds for average cycle time and 42% for g/C (green time/Cycle time), the probability that a vehicle receives a green signal when arriving at the intersection is 68 seconds (42% of 161), and that of receiving a red signal is 93 seconds (58% of 161). In this situation, expected average signal delay time is 27 seconds . If the bus arrives earlier at the intersection as much as X seconds because of boarding and alighting time and acceleration and deceleration time savings, expected average signal delay time is reduced as much as .
Total travel time calculation is applied distinctly by three OD categories: L-L, L-E/E-L, and E-E. Total travel time is calculated by multiplying travel time and travel demand for every OD pair. In the case of L-L or L-E/E-L, total travel time is compared when using a local bus only and when using a local bus and limited-stop bus with transfer. After the comparison, all travel demand of OD pairs is assigned to one that takes less travel time: Figure 5 . If the limitedbus service stops at both origin and destination bus stops (E-E), in-vehicle time is reduced by skipping local-only stops. When the limited-bus service stops at only one of the origin or destination bus stops (L-E/E-L), there are two options: using both local and limited-stop buses with transfer in consideration of additional waiting time and reduced in-vehicle time, or using only the local bus to the destination if total travel time (TT) is shorter than using both local and limited-stop buses with transfer. If the limited-bus service does not stop at both origin and destination bus stops (L-L), travel time of using a limited-stop bus with two transfers and travel time of using only a local bus are compared. 
Total travel time calculation process
Genetic Algorithm Analysis
This study used a GA to obtain an optimal solution efficiently that contains an iterative calculation of the limited-bus stops combination and total travel time of passengers. The limited-bus stops were used as chromosomes, and the binary integer matrix were used as a gene (0: limited-bus skips the stop, 1: limited-bus stops at the stop). In every iteration, a gene was evolved until total travel time was tolerantly minimized. For example, optimal limited-bus stops of the certain bus route which has 10 stops were decided as 1 st , 3 rd , 7 th , and 9 th stops, the final gene is expressed as [1,0,1,0,0,0,1,0,1,0]. The fitness of each gene was evaluated based on the objective function -the total travel time. Detailed setting values are as follows:
• Population size: 200 (to attain optimal value from enough population)
• Population creation function: Uniform (design variable type is binary)
• Fitness scaling function: Rank (scales the raw scores based on the rank of each individual instead of its score)
• Selection function: Stochastic uniform (lays out a line in which each parent corresponds to a section of the line of length proportional to its scaled value)
• Elite count: 0.05×(population size) (to prevent losing excellent solution while evolve to next generation)
• Reproduction crossover fraction: 0.8 (80% of former population is produced by crossover to prevent excessive changing)
• Mutation function: Uniform (rate: 0.01) (each gene is given a probability rate and replaced to an initial value when probability is lower than setting rate [0.01])
• Crossover function: Scattered (creates a random binary variable and selects the genes where the vector is 1 from the first parent, and the genes where the vector is 0 from the second parent, and combines the genes to form the child)
• Migration direction: Forward (migration takes place toward the last subpopulation)
• Stopping criteria: Function tolerance 10 -7 (the algorithm stops if the average relative change in the best fitness function value which is less than or equal to 10 -7 )
Analytical Results
Scenario-based Analysis
The results shown in Table 2 are the average values of five repeated analyses by MATLAB. Among the various influencing factors, the OD pattern influenced travel time savings the most. Therefore, the route having certain stops that show highly concentrated boarding or alighting behavior would be chosen for a limited-stop bus route. Also, routes that have longer route length, average trip length, or shorter stop spacing have an advantage as a limited-stop bus route. This is because longer route length ensures a greater number of passengers and longer average trip length results in a higher travel time savings rate when using a limited-stop bus. When the original stop spacing is short, a local bus should frequently repeat acceleration and deceleration at each bus stop to board and alight passengers. If a limited-stop bus is introduced, travel time savings effects by skipping several stops are higher than longer stop spacing for certain distances. Multiple regression analysis between travel time savings rate and each factor was performed as presented in Table 3 Adjusted R-squared value (0.864) indicates that the regression line highly fits the data. From the collinearity statistics, VIF values were around 1, which means there is low probability of multicollinearity among the explanatory variables. The OD variance factor (represents OD pattern as a quantified value) shows the highest standardized coefficient value (0.803), which means this factor should be considered first to the LSBRS, and is followed by stop spacing factor (-0.451) and average trip length factor (0.298). OD variance was calculated by the variance between the number of passengers boarding or alighting at each stop of specific routes. When OD variance is high, the stops that have concentrated passenger demand would be chosen as limited stops; therefore limitedstop bus service becomes more efficient with only a few stops. Route length factor was excluded by using a stepwise variable selection method to reduce collinearity. Table 4 shows the travel time savings rate of 81 scenarios; most of the high-ranking scenarios had two or more factors among route length, stop spacing, and average trip length that satisfy each factor at the medium or high level. Therefore, this study defined LSBRS criteria as such that a limited-stop bus route should satisfy two or more of the following medium-level criteria: more than 32.5km of one-way route length, less than 430m of stop spacing, and more than 3.36km of average trip length. Also, OD patterns that have large variances would be suitable for limited-stop bus route. 
Case Study Analysis
As a result of applying the model to 73 regular bus routes that operate in Suwon, travel time savings rate placed between 9.0% and 19.0%, which is larger than one of the scenario-based analysis. This is because the variation of actual OD is larger than that of scenario OD, which means passenger coverage is widened under the same number of limited-stops.
LSBRS criteria and the LSBRS regression model, which are proposed in the scenariobased analysis, are applied to the routes of case study. As presented in Table 5 , most of the selected routes by LSBRS criteria are located in the upper rank along with higher values of travel time savings, according to the case-study analysis. Also, the travel time savings rank proposed by the LSBRS regression model shows a similar tendency with that of the case-study analysis, supported by Wilcoxon signed ranks test in Therefore, the criteria proposed in this study could be applied without a complicated analysis to cities that are considering implementing a limited-stop bus service. However, some routes such as 1 st rank or 4 th rank in Table 5 show big differences between the results of case-study analysis and the results of LSBRS suggestion. This is because of a gap between the scenarios and the actual routes, such as (a) the stop spacing distance of actual routes has a wide range of values while that of the scenario routes have identical values, or (b) the complexity of the OD pattern of actual routes is much higher than that of the scenario routes. 
Conclusions
The bus system is one of the most easily accessible systems among the various transit modes because of its short distances between stops. However, this attribute causes slow operation speeds and weakens its competitiveness when compared to other transportation modes. In recent years, express bus service has come into the spotlight by overcoming its limitations to travel time while maintaining its accessibility when it operates with local bus services. To achieve an efficient bus system, a systematic approach to determine the optimal routes and stops for the express services is necessary. This study used smart card data and a genetic algorithm to develop the LSBRS criteria and the regression model. More specifically, the total travel time savings rates were calculated for various scenarios with their influencing factors to set the LSBRS criteria and regression model, and then these methods were applied to the case of Suwon, Korea.
Among the factors that influence the effectiveness of limited-stop bus implementation, concentrated OD pattern (represented by OD variance) influences travel time savings the most. Also, shorter stop spacing and longer average trip length have an advantage in maximizing the effectiveness of limited-stop bus implementation. In terms of the details of the criteria, limited-stop bus routes should have a large OD variance and satisfy two or more of the following medium-level criteria: more than 32.5km of one-way route length, less than 430m of stop spacing and more than 3.36km of average trip length. In reference to the coefficient values of the regression model, the OD variance factor should be considered first to the LSBRS criteria, followed by stop spacing factor and average trip length factor.
Comparing the rankings of the travel time savings proposed by the LSBRS regression model and the case study of Suwon, the pairs of two ranks show a similar tendency supported by the Wilcoxon signed ranks test. Therefore, the method proposed in this study could be applied to cities that are considering the implementation of a limitedstop bus service.
A limited-stop bus is one of the alternatives that satisfies both accessibility and mobility without great financial investment. Further studies focused on finding the adequate range of the number of limited-stop bus routes or enhancing the accuracy of LSBRS model are required.
